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Summary
Olfaction is required at birth for survival; however, lit-
tle is known about the maturation of olfactory cortical
circuits. Here we show that in vivo sensory experi-
ence mediates the development of excitatory trans-
mission in pyramidal neurons of rat olfactory cortex.
We find a postnatal critical period during which there
is an experience-dependent increase in the contribu-
tion of AMPARs versus NMDARs to transmission at
primary sensory synapses but not associational in-
puts. The shift in receptors underlying transmission
is mediated by a strong activity-dependent downregu-
lation of NMDARs and modest increase in AMPARs.
Sensory activity leads to a loss of “silent” NMDAR-
only synapses and an increase in threshold for induc-
ing long-term plasticity. These results indicate the
importance of early olfactory experience in the estab-
lishment of cortical circuits and could reflect mecha-
nisms governing early olfactory “imprinting.”
Introduction
Early sensory experience plays a crucial role in the re-
finement of developing thalamocortical circuits (Buono-
mano and Merzenich, 1998; Katz and Shatz, 1996). In
the visual system, animals are born before complete
maturation of the visual cortex, and these cortical cir-
cuits can be altered by sensory experience (Blakemore
and Cooper, 1970; Wiesel and Hubel, 1963). Indeed,
functional maturation of visual thalamocortical circuits
depends upon patterned activity, both before and
shortly after birth (Katz and Shatz, 1996). Experience-
dependent modifications at afferent cortical inputs typi-
cally only occur during a postnatal “critical period,” af-
ter which synaptic reorganization is difficult to induce
(Hensch, 2004). It is presumed that the critical period is
a permissive temporal window during which activity-
dependent synaptic rearrangements occur and after
which mature connectivity is established such that no
further refinement is typically required.
NMDA receptors (NMDARs) are generally believed to
play a critical role in the development of central syn-
apses. In particular, NMDAR-mediated long-term po-
tentiation (LTP) has been proposed to underlie the
changes in synaptic strength that occur during the mat-
uration and refinement of cortical circuits (Katz and
Shatz, 1996). A currently prevailing view is that activity-
dependent LTP reflects the recruitment of AMPA recep-
tors (AMPARs) to synapses that previously contained*Correspondence: jisaacson@ucsd.eduonly NMDARs (“silent synapses”) (Malenka and Bear,
2004; Malinow and Malenka, 2002). It has been pro-
posed that NMDAR-only synapses dominate during
early development and are converted to fast-signaling,
functional synapses via experience-dependent NMDAR-
mediated insertion of AMPARs (Durand et al., 1996; Wu
et al., 1996; Zhu et al., 2000; Zhu and Malinow, 2002).
The conversion of silent synapses to functional ones
has similarly been proposed to occur during the matu-
ration of synaptic contacts in a number of cortical
areas. For example, in visual and somatosensory cortex
the relative contribution of NMDAR-only synapses de-
creases during development, and this coincides with
the closure of a critical period for the induction of LTP
(Isaac et al., 1997; Rumpel et al., 1998).
While these developmental changes in glutamatergic
transmission and critical periods for experience-depen-
dent plasticity have been well characterized in the vi-
sual and somatosensory systems, factors shaping the
maturation of other cortical sensory synapses are less
clear. For example, olfaction is a critical sensory mod-
ality in most newborn animals; however, the conse-
quences of early olfactory experience in the CNS have
not been well explored.
Newborn rodents rely on olfactory cues to initiate
nipple attachment and suckling (Leon, 1992). Indeed,
mice lacking the cyclic nucleotide-gated channels
essential for sensory transduction in olfactory receptor
neurons display a high degree of postnatal lethality
(Brunet et al., 1996). In addition, neonatal animals (in-
cluding humans) use olfactory information to form
strong maternal attachments, and this “imprinting” to
maternal odors is critical for survival in many species
(Leon, 1992; Sullivan, 2003). These results indicate that,
in contrast to most other sensory modalities, the olfac-
tory system is both functional and necessary at birth.
However, little is known about the developmental matu-
ration of synaptic transmission at afferent cortical syn-
apses in the olfactory system. Furthermore, it is unknown
whether central olfactory circuits display enhanced plas-
ticity during early postnatal development.
Layer II/III pyramidal cells in primary olfactory (piri-
form) cortex receive two distinct classes of gluta-
matergic synapses: one class conveys primary sensory
input, while a different set of associational synapses
mediate intra- and intercortical signaling. Olfactory in-
formation is conveyed ipsilaterally, from olfactory re-
ceptor neurons to glomeruli in the olfactory bulb, and
then to primary olfactory cortex via the axons of olfac-
tory bulb mitral cells in the lateral olfactory tract (LOT).
This afferent sensory input from the LOT occurs at syn-
aptic contacts on the distal dendritic tufts of pyramidal
cells (Haberly, 1998). Associational (ASSN) fibers from
a variety of cortical regions form synaptic contacts on
the proximal dendrites of the same pyramidal cells.
Within olfactory cortex, integration of sensory LOT
inputs in pyramidal neurons is a key step underlying the
discrimination and perception of olfactory information
in the brain. Furthermore, genetic tracing experiments
indicate that LOT inputs and their postsynaptic pyrami-
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ltory cortex (Zou et al., 2001). Given the possibility that
aLOT inputs are “hardwired” for the coding of olfactory
sinformation, it does not seem obvious that these sen-
sory synapses should represent an important site for
slong-lasting activity-dependent plasticity. Consistent
twith this idea, previous studies of LOT synapses in slices
(of adult rat olfactory cortex reported that NMDAR-medi-
pated LTP is not reliably induced (Jung et al., 1990)
for results in only a relatively modest increase in synap-
ptic strength (Jung et al., 1990; Kanter and Haberly,
a1990, 1993). In contrast, ASSN excitatory synapses are
spoised to regulate the salience of olfactory information
oin pyramidal cells, and NMDAR-mediated LTP of these
(inputs is thought to provide a basis for olfactory mem-
bory and learning throughout adulthood (Kanter and Ha-
wberly, 1990; Quinlan et al., 2004).
tIn this study, we explore the role of early sensory ex-
perience in shaping excitatory synaptic transmission in
arat primary olfactory cortex. We find that during the first
Aseveral weeks of life there is an increase in the relative
pcontribution of AMPARs versus NMDARs at LOT syn-
Aapses but not ASSN inputs of pyramidal neurons. The
lshift in the contribution of AMPA and NMDARs at LOT
synapses can be greatly delayed by reducing early ol-
vfactory experience in vivo. The activity-dependent change
oin glutamatergic signaling at sensory olfactory inputs
scan be largely accounted for by a marked downregula-
ption of synaptic NMDARs. We find that the experience-
bdependent downregulation of NMDARs coincides with
Ea selective loss of NMDAR-only silent synapses at LOT
abut not ASSN inputs to pyramidal cells. Furthermore,
tthe role of olfactory experience in regulating LOT syn-
paptic NMDARs is confined to a critical period that does
wnot extend past the first few postnatal weeks. During
ithis critical period, we show that the experience-
1dependent reduction in NMDARs raises the threshold
afor induction of LTP at LOT synapses. These results in-
tdicate the importance of early sensory experience in
ithe maturation and plasticity of olfactory cortical cir-
mcuits that play a crucial role in newborn mammals.
r
t
Results
I
Pyramidal cells in the olfactory cortex receive anatomi- A
cally segregated inputs on their apical dendrites. ASSN t
inputs are formed on proximal dendrites in layer Ib, 9
while afferent inputs from mitral cell axons in the LOT c
make synapses on distal dendrites in layer Ia (Figure m
1A). The different laminae can be clearly resolved under t
DIC optics (Figure 1B). n
We first performed experiments to verify that we n
could selectively evoke excitatory postsynaptic re- G
sponses from LOT and ASSN synapses. We recorded a
field excitatory postsynaptic potentials (fEPSPs) in t
slices of anterior piriform cortex by placing an extracel-
lular recording electrode in layer Ia. Putative afferent i
and associational synapses were alternately evoked via m
stimulating electrodes (w0.5–1 mm apart) in the LOT a
and layer II/III, respectively. Using this recording config- a
uration, stimulation of layer II/III produced an upward- t
deflecting fEPSP, while stimulation of the LOT produced (
Da downward-deflecting fEPSP (Figure 1C ), indicating1ctivation of distinct sets of synapses in the different
aminae of olfactory cortex (Jung et al., 1990; Kanter
nd Haberly, 1993; Patil et al., 1998; Tang and Has-
elmo, 1994).
It has previously been reported that activation of pre-
ynaptic GABAB receptors strongly depresses ASSN
ransmission with no effect on LOT-evoked responses
Tang and Hasselmo, 1994). Although GABAB-mediated
resynaptic inhibition is widespread in the CNS, this
inding suggests that GABAB receptors are not ex-
ressed on LOT nerve terminals. We next tested the
ction of the GABAB receptor agonist baclofen on re-
ponses evoked alternately from the two pathways in
lfactory cortex slices. Indeed, we found that baclofen
50 M) caused a marked reduction in fEPSPs evoked
y stimulation in layer II/III, while LOT-evoked responses
ere unaffected (Figure 1C1). Washout of baclofen in
he presence of the GABAB antagonist CGP 55845 (10
M) restored transmission at ASSN synapses without
ffecting LOT inputs, and subsequent application of the
MPAR antagonist NBQX (10 M) abolished both in-
uts. The selective GABAB-mediated inhibition of the
SSN fEPSP provides strong evidence that we can se-
ectively activate these two distinct pathways.
We further explored the ability to independently acti-
ate LOT and ASSN inputs using whole-cell recordings
f layer II pyramidal cells with the same placement of
timulating electrodes. At −70 mV, stimulation of each
athway evoked fast EPSCs. As found for fEPSPs,
aclofen (50 M) markedly reduced the amplitude of
PSCs evoked by stimulation in layer II/III but did not
ffect LOT-evoked responses (Figure 1C2). This selec-
ive block was observed in fEPSP recordings from
ostnatal day (P) 16–22 animals (n = 9; Figure 1D1) as
ell as whole-cell voltage-clamp recordings performed
n P8–P10 (n = 8) or P15–P19 (n = 8) animals (Figure
D2). In all cases, the strong reduction in ASSN EPSC
mplitude was accompanied by a marked increase in
he paired-pulse ratio (PPR, EPSC2/EPSC1, 50 ms ISI),
ndicating a presynaptic locus for GABAB receptor
odulation. Consistent with a lack of presynaptic GABAB
eceptors at LOT synapses, baclofen had no effect on
he PPR of LOT inputs (Figure 1E).
Due to their different electrotonic locations on layer
I pyramidal cells (Haberly, 1998), somatic recordings of
SSN and LOT EPSCs could also be distinguished by
heir kinetics (Figure 1F). On average, both the 10%–
0% rise time and decay of LOT inputs were signifi-
antly slower than ASSN inputs (rise: ASSN, 1.0 ± 0.08
s; LOT, 2.2 ± 0.17 ms, n = 12, p < 0.001 [Student’s t
est]; decay: ASSN, 4.3 ± 0.34 ms; LOT, 6.6 ± 0.46 ms,
= 12, p < 0.001). These clear differences in EPSC ki-
etics, as well as the distinct expression of presynaptic
ABAB receptors and anatomical separation of ASSN
nd LOT synapses, allowed us to unambiguously study
hese two inputs onto pyramidal cells independently.
We next examined the glutamate receptors mediat-
ng transmission at LOT and ASSN synapses. We deter-
ined the relative contribution of AMPA and NMDARs
t these synapses by alternately stimulating the LOT
nd ASSN pathways at +40 mV. At this depolarized po-
ential, both inputs displayed a slowly decaying EPSC
Figure 2A). Application of the NMDAR antagonist
-APV (100 M) abolished the slow component of the
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103Figure 1. Selective Activation of LOT and
ASSN Synapses
(A) Schematic of the olfactory cortex.
(B) The different layers of anterior piriform
cortex viewed under DIC optics. Stimulating
electrodes are in the LOT and layer II/III. A
whole-cell electrode is in layer II.
(C) Baclofen reduces excitatory transmission
at ASSN but not LOT inputs. (C1) Represen-
tative experiment showing fEPSPs recorded
in layer Ia evoked by stimulation of LOT and
ASSN inputs. Baclofen (50 M) decreases
transmission at ASSN inputs (open squares)
without affecting LOT inputs (filled circles).
(C2) Plot of the peak amplitudes of EPSCs at
−70 mV evoked by stimulation of LOT (filled
circles) and ASSN inputs (open squares) in
the same pyramidal cell. Traces represent re-
sponses from each pathway to paired-pulse
stimulation (50 ms ISI).
(D) Summary of the effects on (D1) fEPSPs
and (D2) EPSCs from P8–P10 and P15–P19
animals.
(E) Baclofen increases PPR in ASSN but not
LOT inputs.
(F) Normalized EPSCs evoked at LOT and
ASSN inputs are shown from a representa-
tive cell. Both the 10%–90% rise-time and
the decay of ASSN EPSCs were significantly
faster than EPSCs evoked in the LOT.
Error bars indicate ± SEM.EPSC, and the remaining fast component was blocked
by NBQX (10 M, Figure 2A). In separate experiments,
the AMPAR components of ASSN and LOT EPSCs had
linear I/V relationships and reversed at w0 mV (n = 6,
data not shown). We calculated the AMPAR/NMDAR ra-
tio at LOT and ASSN synapses by measuring the peak
amplitudes of the NBQX- and APV-sensitive compo-
nents of the EPSCs. We observed a marked difference
in the relative contribution of these two receptor types:
while the peak amplitudes of the AMPA and NMDAR
components at LOT synapses were similar, NMDARs
dominated synaptic transmission at ASSN synapses
(AMPAR/NMDAR ratio: LOT, 1.0 ± 0.16; ASSN, 0.31 ±
0.033; n = 24, p < 0.0001 [paired Student’s t test]; age,
P15–P19; Figure 2B).
We were intrigued by the large difference in the con-
tribution of AMPA and NMDARs at two distinct inputs
onto the dendrites of the same cell. The relative contri-
bution of AMPARs increases during development in
both visual (Rumpel et al., 1998) and somatosensory
cortex (Crair and Malenka, 1995; Isaac et al., 1997;
Mierau et al., 2004). Does the dramatic difference in the
AMPAR/NMDAR ratio at LOT and ASSN synapses re-flect different rates of maturation of the two inputs in
olfactory cortex? To address this question, we com-
pared the relative contribution of AMPARs and NMDARs
at LOT and ASSN synapses of P8–P9 and P22 rats.
Consistent with other afferent cortical synapses, the
AMPAR/NMDAR ratio increased dramatically with age
at LOT synapses (P8–P9: 0.64 ± 0.074, n = 8; P22: 1.2 ±
0.14, n = 9; p < 0.005 [unpaired t test]; Figures 2C and
2D). However, we found no change in the AMPAR/
NMDAR ratio at ASSN synapses during the same devel-
opmental period (P8–P9: 0.39 ± 0.072, n = 7; P22: 0.36 ±
0.085, n = 8; p = 0.80; Figures 2C and 2D). Changes in
the AMPAR/NMDAR ratio were not accompanied by a
marked change in the decay kinetics of NMDAR cur-
rents (Figure 2E). These results indicate that there is a
developmental increase in the relative contribution of
AMPARs to excitatory transmission at LOT synapses.
In contrast, NMDARs continue to dominate transmis-
sion at ASSN synapses over the same period.
The developmental increase in the AMPAR/NMDAR
ratio could reflect an upregulation of synaptic AMPARs
or a downregulation of NMDARs. We first considered
whether the increase in AMPAR/NMDAR ratio could be
Neuron
104Figure 2. Different Relative Contributions of
AMPA and NMDA Receptors at LOT and
ASSN Synapses
(A1) Representative experiment showing the
action of APV (100 M) and NBQX (10 M)
on the peak amplitudes of LOT- (circles) and
ASSN- (squares) evoked EPSCs. (A2) Digital
subtraction of the responses in APV and
NBQX reveals the NMDAR and AMPAR com-
ponents of the EPSCs in the two pathways.
(B) Summary of the AMPAR/NMDAR ratio at
ASSN synapses versus the AMPAR/NMDAR
ratio at LOT synapses in the same cells
(P15–P19, n = 21). (Inset) Average AMPAR/
NMDAR ratio at LOT and ASSN synapses.
(C) The AMPAR/NMDAR ratio increases dur-
ing early development at LOT but not ASSN
synapses. (Left) Representative AMPAR and
NMDAR components of EPSCs at LOT syn-
apses from a P9 and P22 rat. (Right) Same
components at ASSN synapses.
(D) Summary of AMPAR/NMDAR ratios at
P8–P9 and P22 for LOT and ASSN synapses.
(E) Summary of NMDAR decay kinetics at
P8–P9 and P22 at LOT and ASSN synapses.
Error bars indicate ± SEM.accounted for by a general increase in the expression f
Lof AMPARs at LOT synapses. We examined the quantal
amplitude of AMPAR-mediated EPSCs evoked by LOT n
rstimulation in the presence of Sr2+ (4 mM) to desyn-
chronize transmitter release (Xu-Friedman and Regehr, m
s2000). However, we found no evidence for a develop-
mental increase in the amplitude of AMPAR quantal a
0events (P9: 12.8 ± 1.7 pA, n = 9; P17–P18: 12.9 ± 1.1
pA, n = 10; Figures 3A and 3B). These experiments rule 1
tout a general upregulation of AMPARs at LOT synapses
during the developmental period in which the AMPAR/ (
(NMDAR ratio increases dramatically.
We next considered the possibility that the difference 3
tin the AMPAR/NMDAR ratio at LOT and ASSN inputs
reflected a change in the contribution of NMDAR-only m
psynapses. We alternately evoked synaptic AMPAR re-
sponses from ASSN and LOT inputs at −80 mV using s
iminimal stimulation. Under these conditions we could
clearly resolve failures from successful responses (Fig-
oure 3C). Stimulus intensity was adjusted so that suc-
cesses occurred in w50% of trials. Without changing r
istimulus parameters, synaptic responses were then re-
corded at +40 mV to relieve the Mg2+ block of NMDARs. c
iRelief of the Mg2+ block dramatically increased theraction of successes at ASSN synapses, but not at
OT synapses. On average, we observed a marked
umber of silent synapses at ASSN inputs (success
ate: 0.37 ± 0.064 [−80 mV] versus 0.69 ± 0.094 [+40
V]; n = 10; p < 0.005; P15–P17; Figure 3D). In these
ame recordings, we found no evidence for silent syn-
pses at LOT inputs in the same cells (success rate:
.52 ± 0.048 [−80 mV] versus 0.53 ± 0.066 [+40 mV]; n =
0; Figure 3E). In contrast to these results, LOT stimula-
ion at +40 mV evoked significantly more successes
0.73 ± 0.075) than stimulation at –80 mV in younger
P7–P8) animals (0.57 ± 0.062; n = 6; p < 0.05; Figure
F). These results indicate a reduction in the contribu-
ion of silent synapses that coincides with the develop-
ental increase in the AMPAR/NMDAR ratio at LOT in-
uts. However, silent synapses persisted at ASSN
ynapses, which do not show a developmental change
n the relative contribution of AMPA and NMDARs.
The apparent developmental decrease in NMDAR-
nly synapses in the LOT could possibly reflect a matu-
ation of glutamate uptake. If uptake mechanisms are
nsufficient in younger animals (Diamond, 2005), low
oncentrations of glutamate, diffusing from neighbor-
ng synapses, may activate high-affinity NMDARs, but
Experience-Dependent Downregulation of NMDARs
105Figure 3. The Developmental Increase in
AMPAR/NMDAR Ratio at LOT Inputs Is As-
sociated with a Decrease in NMDAR-Only
“Silent” Synapses but No Change in AMPAR
Quantal Size
(A) (Left) Representative single traces of
AMPAR-mediated quantal events at LOT
synapses from (A1) P9 and (A2) P18 rats. Dot-
ted lines indicate the onset of time window in
which mEPSCs were collected. Insets show
boxed region of traces on an expanded
scale. Arrows indicate quantal synaptic re-
sponses. (Right) Corresponding distribution
of mEPSC amplitudes. Gray distributions in-
dicate baseline noise. (B) Summary data of
AMPAR quantal amplitude at P9 and P17–
P18. (C) Representative “minimal stimula-
tion” experiment showing interleaved EPSCs
evoked at LOT (filled circles) and ASSN
(open squares) inputs from a P16 animal.
(Right) Distribution of EPSC amplitudes re-
corded at −80 mV (thin line) and +40 mV
(thick line) at LOT and ASSN. Summary plots
of success rates at −80 mV and +40 mV in
P15–P17 rats reveal a significant fraction of
NMDAR-only synapses at ASSN inputs (D),
but not at LOT inputs (E) onto the same cell;
* indicates a significant difference between
success rates at –80 mV and +40 mV. (F) In
contrast, NMDAR-only synapses are present
at LOT inputs of P7–P8 animals. Error bars
indicate ± SEM.not lower-affinity AMPARs (Kullmann and Asztely, 1998).
To address this possibility, we determined the effect of
blocking glutamate uptake on LOT NMDAR EPSCs in
young (P8–P9) and older (P19–P23) animals. We re-
corded NMDAR EPSCs at +40 mV in the presence of
picrotoxin (100 M), NBQX (20 M), baclofen (50 M),
and the mGluR antagonist MCPG (400–500 M). Appli-
cation of the glutamate transport blocker TBOA (50 M)
led to a small and variable increase in the amplitude of
NMDAR EPSCs in P8–P9 animals (peak: 105% ± 6%;
n = 8; p = 0.52). However, in these same cells, the up-
take blocker caused a marked prolongation of the
EPSC decay (charge: 236% ± 40%; n = 8; p = 0.01;
Figures 4A and 4C). In older animals (P19–P23), TBOA
had no effect on the EPSC amplitude (peak: 98% ± 8%;
n = 10; p = 0.94), but also prolonged the EPSC decay
(charge: 132% ± 13%; n = 10; p = 0.03; Figures 4B and
4C). To ensure that the more modest effect of the up-
take blocker on NMDAR EPSCs in mature animals was
not due to a reduced sensitivity to TBOA, we tested the
effect of the uptake blocker on exogenously applied
glutamate. In these same cells, TBOA caused a marked
increase in the amplitude of NMDAR-mediated re-
sponses evoked by flash photolysis of caged glutamate
(50 M) in layer Ia (Figure 4B).
We determined the uptake-sensitive component ofresponses to synaptically released glutamate by sub-
tracting the normalized NMDAR EPSCs under control
conditions from those in TBOA (Figure 4D). The TBOA-
sensitive component had a very slow rise and a pro-
longed decay in both P8–P9 (rise, 123 ± 31 ms; decay,
352 ± 75 ms; n = 8) and P19–P23 animals (rise, 47 ± 8.5
ms; decay, 442 ± 242 ms; n = 7). These uptake-sensitive
currents were far slower than the “successes” evoked
at +40 mV by minimal stimulation in the LOT in P8–P9
(rise, 2.8 ± 0.78 ms; decay, 42 ± 7.0 ms; n = 5) and P15–
P17 (rise, 3.2 ± 0.68 ms; decay, 89 ± 23 ms; n = 9) ani-
mals. Together, these data indicate that glutamate up-
take mechanisms are functional by the end of the first
postnatal week. Furthermore, the kinetics of the up-
take-sensitive NMDAR component were too slow to
contaminate our measured success rates in minimal
stimulation experiments. Therefore it is unlikely that a
maturation of glutamate uptake underlies an apparent
developmental decrease in NMDAR-only synapses at
LOT inputs.
The uptake-sensitive component of the NMDAR
EPSCs was markedly larger in P8–P9 (55% ± 12% of
control) than P19–P23 (21% ± 8%) animals. What un-
derlies this difference in NMDAR activation? The en-
hancement of NMDAR EPSCs by uptake blockers has
been proposed to reflect either a pooling of transmitter
Neuron
106Figure 4. Efficient Glutamate Uptake at LOT
Synapses in Both Young and Older Animals
(A) Representative experiment showing the
effect of TBOA on an LOT-evoked NMDAR
EPSC in a P8 rat.
(B) Action of TBOA on an LOT-evoked
NMDAR EPSC (left) and response to flash
photolysis of caged glutamate (right) in a
P20 rat. Scale bars: EPSCs, 10 pA; gluta-
mate uncaging, 20 pA; 20 ms.
(C) Summary of effects of TBOA on NMDAR
EPSC amplitude and charge.
(D) Normalized, average EPSCs evoked by
LOT stimulation before (black) and after
(blue) uptake blockade. Difference currents
(red) reveal the uptake-sensitive component
in P8–P9 (n = 8) and P19–P23 (n = 10) ani-
mals. Gray shaded regions indicate stan-
dard error.
Error bars indicate ± SEM.from coactivated synapses (Arnth-Jensen et al., 2002) j
bor spillout of glutamate onto extrasynaptic NMDARs
(Diamond, 2001). The actions of TBOA on EPSCs in the b
sLOT are consistent with either interpretation.
Over the developmental period (P7–P22) in which a
tthere is a marked increase in AMPAR/NMDAR ratio, we
observe a loss of NMDAR-only synapses and no
mchange in the quantal amplitude of AMPAR EPSCs. To-
gether, these findings suggest two possible cellular e
tmechanisms to account for the developmental increase
in the AMPAR/NMDAR ratio at LOT inputs. In one case, v
sall synapses would have either zero or a fixed (“quantal”)
number of AMPARs. During development, a quantum of f
pAMPARs would have to be inserted at previously silent,
NMDAR-only synapses. Alternatively, there may be no o
Tchange in AMPAR expression at all, but rather a devel-
opmental downregulation of synaptic NMDARs. s
fOne way to resolve absolute changes in the contribu-
tion of AMPA and NMDARs to synaptic transmission is 8
sto measure synaptic input/output (I/O) relationships. A
simple approach is to use extracellular recording to f
Acompare the relationship between the numbers of
active inputs (fiber volley) versus the magnitude of the d
Nsynaptic response (fEPSP slope; Hsia et al., 1998;
Saura et al., 2004). However, given the laminar structure w
Hof the olfactory cortex, this assay is quite sensitive to
the position of the recording electrode relative to the w
sLOT. The large changes in cortex size during early de-
velopment precluded comparisons of synaptic I/O rela- h
Ltionships between young and old animals. We thus de-
veloped a different approach to probe the maturation 7
sof glutamatergic signaling in olfactory cortex.
Early sensory experience has been shown to play an B
iimportant role in the maturation of synaptic transmis-
sion in other brain structures. To address the role of t
msensory experience in the maturation of transmission
in olfactory cortex, we used unilateral naris occlusion a
c(Meisami, 1976) to deprive one hemisphere of olfactory
sensory input beginning at P1–P3. Because the pro- 2ection from the nasal epithelium, through the olfactory
ulb, to the olfactory cortex is wholly ipsilateral (Ha-
erly, 1998), the effects of activity can be directly as-
essed by comparing developmental changes in syn-
ptic transmission in spared and deprived slices from
he same animal.
If sensory experience governs the developmental
aturation of olfactory cortical synapses, one would
xpect that unilateral sensory deprivation would alter
he properties of excitatory transmission of deprived
ersus spared hemispheres. All experiments and analy-
es of spared versus deprived synapses were per-
ormed blind. We first examined the role of sensory ex-
erience in the developmental shift in the contribution
f AMPA and NMDARs at LOT synapses (Figure 5A).
he AMPAR/NMDAR ratio in cells from spared hemi-
pheres was 0.59 ± 0.05 (n = 20 cells/3 animals) by the
irst postnatal week and increased to 1.31 ± 0.29 (n =
/3) by P35 (Figure 5B), essentially identical to that ob-
erved in control animals (Figure 2D). However, we
ound that the developmental change in the LOT
MPAR/NMDAR ratio was markedly altered by sensory
eprivation. In the first postnatal week, the AMPAR/
MDAR ratios in deprived and spared hemispheres
ere similar (deprived, 0.63 ± 0.06; n = 19/3; p = 0.59).
owever, between the second and fourth postnatal
eek the AMPAR/NMDAR ratio in deprived hemi-
pheres was significantly smaller than that in spared
emispheres. At P14–P21, the AMPAR/NMDAR ratio of
OT synapses in spared hemispheres (1.14 ± 0.08, n =
3/21) was 50% greater than those from deprived hemi-
pheres (0.77 ± 0.04, n = 76/21; p < 0.001; Figure 5B).
y the fifth postnatal week, the AMPAR/NMDAR ratio
n deprived hemispheres had increased to similar levels
o that observed in spared hemispheres. The develop-
ental increases in the AMPAR/NMDAR ratio of spared
nd deprived synapses were well fit by sigmoidal
urves, with a 1.7 week difference in half-width (spared,
.5; deprived, 4.2 weeks) and a 2-fold difference in rate
Experience-Dependent Downregulation of NMDARs
107Figure 5. Olfactory Deprivation Changes the Relative Contribution
of AMPARs and NMDARs at LOT Synapses
(A) Representative interleaved experiments showing isolation of
APV- (thin line) and NBQX-sensitive (thick line) currents in spared
and deprived slices (P17).
(B) Developmental timecourse of AMPAR/NMDAR ratios at LOT
synapses from spared (squares) and deprived (circles) hemi-
spheres. Solid lines are sigmoidal fits to the data, with a half-width
difference (t) of 1.7 weeks.
(C) Paired-pulse facilitation of fEPSPs normalized to the amplitude
of the first pulse, in representative, interleaved experiments from a
spared and deprived slice. (Bottom) Summary of PPR for nine
slices spared, nine slices deprived, from three animals (P14–P16).
Scale bar, spared 1 mV, deprived 0.8 mV; 25 ms.
Error bars indicate ± SEM.(spared, 0.42; deprived, 0.81). These data indicate that
early olfactory experience accelerates the maturation
of LOT inputs. In contrast, and consistent with the ab-
sence of a developmental change at ASSN synapses,
sensory deprivation did not alter the AMPAR/NMDAR
ratio at ASSN synapses (spared: 0.37 ± 0.054, n = 12;
deprived: 0.44 ± 0.056, n = 19; age: P15–P25; p = 0.45).
To determine whether sensory deprivation was asso-
ciated with changes in release probability, we mea-
sured the PPR of LOT-evoked fEPSPs. We found no
difference in paired-pulse facilitation in slices from
spared (1.76 ± 0.13, n = 9/3; P14–P16) and deprived
(1.74 ± 0.18, n = 10/3, p = 0.93) hemispheres (Figure
5C), ruling out any obvious changes in presynaptic
transmitter release. Together, these results indicate that
the developmental increase in the relative contribution
of AMPARs to synaptic transmission at LOT synapses
is governed by early sensory experience and that sen-
sory deprivation delays the postsynaptic maturation of
afferent sensory synapses in the olfactory cortex.
Does an increase in the number of synaptic AMPARs
underlie the activity-dependent increase in the AMPAR/
NMDAR ratio at LOT synapses? To address this possi-
bility, we again measured the quantal amplitude of
AMPAR-mediated EPSCs evoked by LOT stimulation in
the presence of Sr2+. As before, there was no significant
change in the quantal amplitude of AMPAR EPSCs at
spared (12.0 ± 0.98 pA; n = 9/3; Figures 6A1 and 6A3)
versus deprived synapses (10.8 ± 0.64 pA; n = 9/3; Fig-
ures 6A2 and 6A3; p = 0.33, unpaired t test; P16–P22).
These results confirm that sensory experience does not
cause a marked increase in the number of AMPARs at
“functional” synapses.These results do not rule out the possibility of an ex-
perience-dependent conversion of silent synapses by
the insertion of a quantum of AMPARs. If this were true,
there should be a greater fraction of functional LOT
synapses, and on average, a greater AMPAR response
per LOT release site, in spared versus deprived hemi-
spheres. To address this, we determined synaptic I/O
relationships by plotting the initial slope of LOT-evoked
AMPAR fEPSPs versus fiber volley amplitude, an indi-
cator of afferent fiber recruitment, over a range of stim-
ulus intensities (Figures 6B1 and 6B2). This approach
allowed us to directly compare the relative number of
AMPARs at LOT synapses from spared and deprived
hemispheres of age-matched animals. We observed
only a small and highly variable difference in I/O rela-
tionships of AMPAR fEPSPs between spared and de-
prived hemispheres, whether the data were pooled and
averaged across slices (spared: 4.3 ± 0.31 ms−1, n = 33;
deprived: 3.6 ± 0.37 ms−1; n = 32, P14–P21, p = 0.12,
unpaired t test; Figure 6B3) or compared within animals
(spared: 4.4 ± 0.31 ms−1; deprived: 3.7 ± 0.40 ms−1; n =
16, p = 0.12, paired t test; Figure 6B4). Together, these
data indicate that the developmental increase in the
AMPAR/NMDAR ratio governed by sensory experience
cannot be accounted for solely by an increase in the
expression of synaptic AMPARs.
We next considered that marked changes in the
AMPAR/NMDAR ratio could reflect an experience-
dependent decrease in synaptic NMDARs. To explore
this possibility, we determined I/O relationships of
NMDAR-mediated transmission by isolating NMDAR
fEPSPs in low Mg2+ and NBQX (10 M; Figures 7A1 and
7A2). The I/O relationship of NMDAR-mediated trans-
mission was w2-fold greater in deprived than spared
hemispheres when grouped either by slice (spared:
0.27 ± 0.04 ms−1, n = 17; deprived: 0.52 ± 0.06 ms−1;
n = 18; P14–P21; p < 0.005; Figure 7A3) or by animal
(spared, 0.29 ± 0.04 ms−1; deprived, 0.52 ± 0.07 ms−1;
n = 6, p < 0.05; Figure 7B4). These data indicate that a
marked activity-dependent decrease in NMDAR-medi-
ated transmission contributes to the difference in
AMPAR/NMDAR ratio between deprived and spared
hemispheres in the third postnatal week (i.e., Figure 5B).
A global, activity-dependent downregulation of
NMDARs should be reflected by a loss of NMDAR-only
synapses. In support of this hypothesis, minimal stimu-
lation experiments in spared and deprived hemispheres
showed a clear, experience-dependent difference in the
number of NMDAR-only synapses. As expected, there
was no evidence for silent synapses in spared hemi-
spheres (success rate: 0.55 ± 0.025 [−80 mV] versus
0.59 ± 0.32 [+40 mV]; n = 12/6; p = 0.20; Figure 7B1). In
deprived synapses, however, the success rate in-
creased significantly from –80 mV (0.52 ± 0.026) to +40
mV (0.70 ± 0.039; n = 11/6; p < 0.003; Figure 7B2). These
data indicate that sensory experience regulates the
loss of NMDAR-only synapses.
At thalamocortical synapses in the somatosensory
(Crair and Malenka, 1995; Feldman et al., 1998) and vi-
sual systems (Kirkwood et al., 1995), synaptic plasticity
is largely constrained to an early postnatal period. Is
there a critical period for the activity-dependent regula-
tion of LOT NMDARs? To address this question, we
performed unilateral naris occlusion on older rats (P28).
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Markedly Alter the Expression of Synaptic
AMPARs
(A) (Left) Representative traces of AMPAR-
mediated quantal events at LOT synapses
from (A1) spared and (A2) deprived rats. Ar-
rowheads indicate time of stimuli. Dotted
line indicates the onset of the time window in
which mEPSCs were collected. Insets show
boxed region of traces on an expanded
scale. Arrows indicate quantal synaptic re-
sponses. (Right) Corresponding distribution
of mEPSC amplitudes. Gray distributions in-
dicate baseline noise. (A3) Summary data of
AMPAR quantal amplitude in spared and de-
prived animals.
(B1) AMPAR-mediated fEPSPs in slices from
spared and deprived hemispheres of the same
animal (P20). (Insets) Blowup showing stimu-
lus artifacts, fiber volleys (FV), and fEPSPS.
(B2) Corresponding I/O relationships: spared,
y = 4.1x, r2 = 0.96, open squares; deprived, y =
3.9x, r2 = 0.99, filled circles. (B3) AMPAR I/O
slopes averaged across all slices. (B4) Average
AMPAR I/O slopes in spared versus deprived
hemispheres for each animal (open circles)
and the average I/O slope for all animals
averaged together (filled circle). Dashed line
denotes unity.
Error bars indicate ± SEM.Following 14–23 days of deprivation in these animals, w
uthere was no difference in the NMDAR I/O relationship
between spared and deprived hemispheres, whether
uthe data were pooled and averaged across slices
(spared: 0.11 ± 0.019, n = 19; deprived: 0.11 ± 0.021, d
sn = 18; p < 0.99; Figure 81) or compared within animals
(spared: 0.12 ± 0.030; deprived: 0.11 ± 0.019; p = 0.66; o
En = 6; Figure 8A2). The experience-dependent downreg-
ulation of NMDARs was therefore confined to a postna- s
otal critical period of less than 4 weeks
Early sensory experience increases the relative pro- 
pportion of NR2A versus NR2B subunits of NMDARs in
the visual cortex (Philpot et al., 2003; Philpot et al., t
42001; Quinlan et al., 1999a). It has been suggested that
the greater fraction of NR2B versus NR2A subunits in o
tyounger animals increases the capacity for plasticity in
developing circuits (Quinlan et al., 1999a; Tang et al., w
L1999; Yoshimura et al., 2003) and may underlie the cor-
tical critical period. We therefore examined whether ol- r
tfactory experience altered the relative contribution of
NR2B subunits at LOT synapses when the greatest dif- 1
ference in NMDAR expression at spared and deprived
slices was observed (P17 ± 1). Application of the NR2B- a
sselective antagonist ifenprodil (3 M) reduced the am-
plitude of LOT NMDAR EPSCs by 28% ± 7.0% in o
ospared (n = 7/4) and 33% ± 5.3% in deprived hemi-
spheres (n = 7/4; p = 0.51; Figure 8B), indicating no f
fdifference in the relative expression of NR2B at spared
and deprived synapses. In agreement with these re- (
sults, there was no difference in the decay time con-
stant of NMDAR EPSCs in spared (109 ± 6.0 ms, n = s
t7/4) and deprived (106 ± 11 ms, n = 7/4) hemispheres.
These experiments show that the critical period of a
NMDAR plasticity at LOT synapses is not associatedith changes in the relative contribution of NR2B sub-
nits.
NMDAR-dependent plasticity is often proposed to
nderlie the development of cortical circuits. We first
etermined whether we could induce a long-lasting,
ynapse-specific and NMDAR-dependent potentiation
f LOT transmission in P16–P18 rats. We recorded field
PSPs in layer Ia that were alternately evoked by two
timulating electrodes placed in the LOT, on either side
f the recording electrode. In the presence of APV (50
M), a theta-burst stimulus (TBS) to one pathway (test
athway) had no effect on fEPSPs evoked by either the
est (98% ± 3.3% of baseline) or the control (95% ±
.7%; n = 9; Figure 9A) pathway. Following APV wash-
ut, TBS induced a long-lasting enhancement of the
est pathway (127% ± 7.2%), while the control pathway
as unaltered (99% ± 6.5%). These data indicate that
TP at LOT inputs is synapse specific and confirm a
ole for NMDARs in long-term synaptic plasticity at
hese synapses (Jung et al., 1990; Kanter and Haberly,
990).
We next considered whether LTP at afferent syn-
pses in the olfactory cortex is regulated by early sen-
ory experience. In slices from the spared hemispheres
f rats (P16–P23) that had undergone postnatal naris
cclusion, a TBS induced a long-lasting potentiation of
EPSPs (135% ± 5.0%, n = 25/9). Deprived hemispheres
rom the same rats showed markedly greater LTP
157% ± 4.9%, n = 26/9; p < 0.005; Figure 9B).
The larger magnitude of LTP in deprived versus
pared hemispheres could reflect either a difference in
he amount of LTP that could be expressed or in the
bility to induce LTP. To distinguish between thesepossibilities, we followed the first, weak TBS with a
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109Figure 7. Sensory Experience Downregulates
Expression of Synaptic NMDARs at LOT
Inputs
(A1) Representative NMDAR-mediated fEPSPs.
(Insets) Blowup of region. (A2) Correspond-
ing I/O relationships (P20). Spared, y = 0.18x,
r2 = 0.99, open squares; deprived, y = 0.60x,
r2 = 0.98, filled circles. (A3) Average NMDAR
I/O for all slices. (A4) Average NMDAR I/O
slopes of spared versus deprived hemi-
spheres for each animal (open circles), and
the average I/O slope for all animals aver-
aged together (filled circle). Dashed line de-
notes unity.
(B) Representative experiments at –80 mV and
+40 mV (top) and summary data (bottom)
showing the loss of NMDAR-only LOT syn-
apses in spared hemispheres (B1), but their
persistence in deprived hemispheres (B2).
Error bars indicate ± SEM.stronger TBS to approach the maximal amount of LTP
that can be expressed at LOT synapses. Strong tetanic
stimulation further potentiated spared and deprived
synapses to similar levels (spared: 179% ± 12%, n =
11/5; deprived: 204% ± 16%, n = 11/5 p = 0.23; Figure
9B). In a separate set of experiments, we induced LTP
using only a strong TBS (16×). Under these conditions,
spared and deprived slices were similarly potentiated
(spared: 196% ± 20%; n = 7/3; deprived: 186% ± 15%;
n = 7/3; p = 0.68; Figure 9C). These data indicate that
olfactory experience raises the threshold for LTP induc-
tion without affecting its expression.
In these experiments examining the effect of sensory
deprivation on synaptic plasticity, the age of the ani-
mals corresponded to the developmental window in
which we observed the greatest effects of naris occlu-
sion on the contribution of NMDARs to synaptic trans-
mission (P16–P23; Figure 5B). In older rats (P26–P32),
TBS induced significantly less LTP than that in spared
synapses of younger rats (P26–P32: 120% ± 3.8% of
baseline, n = 10 versus P16–P23: 135% ± 5.0%). Taken
together, these results indicate that early olfactory ex-
perience progressively raises the threshold for the in-
duction of LTP. This is consistent with the hypothesis
that an activity-dependent downregulation of NMDARs
raises the induction threshold for plasticity at afferent
olfactory cortical inputs.To demonstrate directly the role of NMDAR expres-
sion in setting the threshold for LTP induction, we next
determined the concentration of APV that blocked
w50% of NMDARs at LOT synapses. Application of
5 M APV decreased the amplitude of LOT NMDAR
EPSCs to 49% ± 6.8% of baseline (n = 5; Figure 9D).
We next determined the effect of reducing the fraction
of functional NMDARs on LTP induction at LOT syn-
apses. Control experiments were interleaved with slices
bathed in 5 M APV. A weak TBS resulted in signifi-
cantly less LTP in the presence of 5 M APV than in
control slices (150% ± 6.9%; n = 7 versus 112% ± 2.9%;
n = 6; p < 0.001; Figure 9D2). A subsequent strong TBS
further potentiated both control and APV-treated syn-
apses to similar levels (control: 194% ± 18%, n = 7; 5
M APV: 165% ± 7.8%, n = 6; p = 0.19). These findings
show that both a fractional block and the experience-
dependent downregulation of NMDARs had virtually
identical effects on LTP induction. Thus, early sensory
experience downregulates the expression of synaptic
NMDARs in olfactory cortex, which raises the threshold
for LTP induction at LOT synapses.
Discussion
In this study, we examined the development of synaptic
transmission in the primary olfactory cortex. Over the
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Figure 8. A Critical Period for Experience-Dependent Plasticity of o
NMDARs r
(A) I/O relations of spared and deprived NMDAR-mediated fEPSPs W
in older animals (occluded at P28) were identical when data were ocompared by either (A1) slice or (A2) animal.
w(B1) Representative experiments showing the effect of ifenprodil
don NMDAR-mediated EPSCs in spared and deprived slices from
animals occluded at P1–P3. (B2) The fractional block of NMDAR- m
mediated EPSCs by ifenprodil was similar in spared and deprived a
slices. h
Error bars indicate ± SEM. tt
first postnatal month, we find a developmental increase d
in the relative contribution of AMPARs versus NMDARs g
at sensory LOT synapses that is regulated by early sen- c
sory experience. In contrast, NMDARs dominate over s
AMPARs at associational synapses on the same cells, t
and the relative contribution of the two receptor types d
to transmission is unaltered by early sensory experi- a
ence. The developmental change in signaling at LOT m
synapses is associated with a marked activity-depen- i
dent downregulation of NMDARs and relatively modest s
increase in AMPAR-mediated transmission. The activ- h
ity-dependent downregulation of NMDARs at sensory s
synapses occurs during a critical period confined to the c
first postnatal month. During this period, sensory ex- 1
perience raises the threshold for the induction of long- e
term synaptic plasticity. These results suggest a critical c
period for synaptic plasticity at sensory synapses in ol- f
factory cortex. e
We used unilateral naris occlusion to selectively de- i
crease neuronal input to one hemisphere of the olfac-
tory cortex. Naris occlusion produces an immediate o
and sustained attenuation of background and odor- a
evoked activity in ipsilateral olfactory bulb mitral cells o
(Philpot et al., 1997), whose axons project to the ipsilat- i
Aeral olfactory cortex via the LOT. Unilateral naris occlu-ion therefore selectively decreases neuronal activity at
psilateral LOT synapses and allows use of the contra-
ateral hemisphere as an internal control for the effects
f sensory deprivation. We show that naris occlusion
reatly delayed, but did not block, the maturation of
lutamatergic signaling at LOT synapses. This result is
onsistent with a role for spontaneous activity in the
aturation of neural circuits (Zhu et al., 2000). Alterna-
ively, odor-evoked responses may only be strongly at-
enuated rather than completely blocked by naris oc-
lusion due to trans-septal passage of odors (Philpot
t al., 1997). Previous studies have reported a decrease
n the width of the LOT following early sensory depriva-
ion (Wilson et al., 2000) and a reduction in the maximal
mplitude of LOT-evoked fEPSPs in vivo (Best and Wil-
on, 2003). These results are consistent with a role for
euronal activity in regulating mitral cell survival (Fiske
nd Brunjes, 2001). However, these effects of naris oc-
lusion may reflect a reduction in the number of axons
rom olfactory bulb to cortex rather than an effect on
ostsynaptic signaling.
Pyramidal cells in the olfactory cortex receive associ-
tional inputs from other olfactory pyramidal cells, as
ell as many other brain regions (Haberly, 1998). Asso-
iational synapses are believed to play a crucial role in
he synthetic processing of complex mixtures of odor-
nts and are also thought to contribute to the formation
f olfactory memories (e.g., association of odors with
eward (Haberly and Bower, 1989; Quinlan et al., 2004;
ilson and Stevenson, 2003). Consistent with this role
f associational synapses in adult olfactory learning,
e see no evidence for developmental or experience-
ependent changes in the receptors governing trans-
ission at these inputs. The large contribution of NMDARs
t these synapses presumably persists through adult-
ood and endows them with a high capacity for plas-
icity.
It is generally believed that NMDARs contribute more
o synaptic transmission than AMPARs during early
evelopment and that AMPARs play a progressively
reater role in transmission during the maturation of
entral circuits. A popular view is that immature, silent
ynapses contain only NMDARs and that AMPARs are
hen incorporated into the synapse in an activity-
ependent manner. The cellular mechanisms mediating
ctivity-dependent increases in AMPAR-mediated trans-
ission are presumed to be identical to those mediat-
ng the expression of NMDAR-dependent LTP. Indeed,
ilent synapses have been described in the developing
ippocampus (Durand et al., 1996; Liao et al., 1995; but
ee Groc et al., 2002; Xiao et al., 2004), somatosensory
ortex (Isaac et al., 1997), visual cortex (Rumpel et al.,
998; Rumpel et al., 2004), and frog optic tectum (Wu
t al., 1996), where age- and activity-dependent in-
reases in the AMPAR/NMDAR ratio of transmission are
ound. More recently, it has been shown that sensory
xperience drives the insertion of AMPARs to synapses
n somatosensory cortex (Takahashi et al., 2003).
Does a developmental/activity-dependent insertion
f AMPARs explain the experience-dependent changes
t sensory LOT synapses in olfactory cortex? Several
f our results seem consistent with this model. (1) There
s a developmental, activity-dependent increase in the
MPAR/NMDAR ratio. (2) There is a decrease in NMDAR-
Experience-Dependent Downregulation of NMDARs
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(A) Summary plot of fEPSP slope evoked at separate test (filled circles) and control (open squares) LOT pathways in the same slices (n = 10).
A theta-burst stimulus (TBS, arrowhead) was presented to the test pathway in the presence of APV (50 M) and after washout of the
antagonist. Scale bar, 500 V, 5 ms. (Top) Representative experiment showing traces collected at times indicated on summary plot.
(B) Summary plot showing the time course of LTP following weak (single arrowhead) and strong (multiple arrowheads) TBS in spared (open
squares) and deprived (filled circles) hemispheres.
(C) In naive spared (open squares) and deprived slices (closed circles), strong TBS induces similar levels of LTP.
(D1) Partial blockade by 5 M APV decreases the amplitude of NMDAR-mediated EPSCs by w50%. (Inset) Representative NMDAR EPSC
from the time points marked on graph. Scale bar, 50 pA, 5 ms. (D2) Summary plot showing greater LTP in control slices (filled circles) compared
to slices treated with 5 M APV after weak TBS. The levels of potentiation converged following a strong TBS.
Error bars indicate ± SEM.only, silent synapses. (3) LTP is greater at deprived ver-
sus spared synapses. However, for a number of rea-
sons, our results are inconsistent with a model in which
an activity-dependent insertion of AMPARs alone gov-
erns changes in LOT synapses driven by olfactory ex-
perience.
In contrast to a simple AMPAR-insertion model, our
data indicate that the expression of synaptic NMDARs
is downregulated by early experience at LOT synapses.
Addition of AMPARs at functional LOT synapses should
result in an increase in the average quantal amplitude
of AMPAR-mediated currents. However, we found nei-
ther a developmental nor an activity-dependent change
in the quantal amplitude of LOT synapses. If AMPARs
were inserted at synapses in a fixed, “quantal” number,
this would not be revealed in our measurements of
quantal amplitude. However, any addition of AMPARs
would be revealed by synaptic I/O relationships. We did
see a small (w20%) but variable difference in AMPAR
I/O relationships between spared and deprived syn-
apses. However, this increase in AMPAR-containing
synapses alone is insufficient to account for thew50%change in AMPAR/NMDAR driven by sensory experi-
ence. In contrast, the I/O relationship of NMDAR-medi-
ated transmission was significantly smaller (w45%) in
spared versus deprived synapses. Furthermore, an
w50% reduction in NMDARs is consistent with the de-
velopmental changes we observed in the amplitude of
the uptake-sensitive component of NMDAR EPSCs. To-
gether, these data are most consistent with a strong
activity-dependent decrease in NMDAR expression and
only a weaker increase in AMPAR expression.
One might also expect that an activity-dependent in-
sertion of synaptic AMPARs driven by olfactory experi-
ence would occlude LTP at LOT inputs. Indeed, we
found that LTP was more robustly expressed at de-
prived versus spared synapses after weak tetanic stim-
ulation. However, the magnitude of LTP in spared and
deprived synapses converged with strong tetanic stim-
ulation. This result is inconsistent with occlusion of LTP
at spared synapses. Moreover, we could mimic the ef-
fects of sensory experience on the induction of LTP by
acute, partial block of NMDARs. Together, our findings
demonstrate that the threshold for LTP induction is
Neuron
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NMDARs. o
If LTP reflects the conversion of silent synapses to o
functional AMPAR-containing sites at LOT inputs, it i
could be argued that the experience-dependent loss of i
NMDAR-only inputs should also lead to a reduction in
the maximal amount of LTP. We may have underesti- v
mated the maximal level of LTP in our experiments if t
even “strong” TBS did not saturate LTP at LOT inputs. t
Also, the experience-dependent reduction in NMDARs e
could occur in a graded rather than an all-or-none fash- h
ion at silent LOT synapses. At the developmental a
period that we examined, we cannot exclude the possi- s
bility that the “loss” of silent synapses in our recordings P
also reflects individual NMDAR-only synapses with so s
few NMDARs that they escape detection. The minimal s
number of NMDARs required for the conversion of a c
silent synapse to a functional one during LTP has yet i
to be established. It may be that activation of as few
as one or two NMDARs (Nimchinsky et al., 2004) is suf- t
ficient to trigger the insertion of AMPARs at silent syn- u
apses during LTP. t
The downregulation of NMDARs at LOT synapses d
could reflect either a selective loss of NMDAR-only in- i
puts or a global reduction of NMDARs at all sensory t
synapses. The dramatic (w2-fold) difference in NMDAR a
I/O relationships at spared and deprived synapses ap- v
pears more substantial than the difference we observed d
in the numbers of NMDAR-only synapses. Together, our i
data suggest an activity-dependent downregulation of b
NMDARs at all LOT synapses, although we cannot ex- o
clude a more complex model.
Activity-dependent rearrangements of afferent corti- E
cal circuits are largely constrained to a postnatal criti-
cal period. Critical periods for anatomical and synaptic E
plasticity have been demonstrated in the visual (Wiesel l
tand Hubel, 1963), somatosensory (Woolsey and Wann,
c1976), and auditory cortices (Zhang et al., 2001). In-
ideed, we find that activity-dependent downregulation
Kof NMDARs at LOT synapses in olfactory cortex does
N
not occur after the first month. The relative expression 9
of NR2A versus NR2B subunits may be a major determi- u
nant of the critical period in other cortical regions (Erisir t
dand Harris, 2003; Mower and Chen, 2003; but see Barth
and Malenka, 2001; Lu et al., 2001), and sensory depri-
cvation, which extends the critical period, is associated
1with a delay in the subunit switch (Philpot et al., 2001; p
Quinlan et al., 1999a, 1999b). A recent study showed p
that olfactory learning regulated the subunit composi- C
tion of NMDARs and was accompanied by a reduction a
(in LTP at ASSN synapses (Quinlan et al., 2004). In con-
mtrast, naris occlusion did not regulate the subunit com-
0position of NMDARs at LOT synapses in our study.
<
These findings suggest that different cellular mecha- c
nisms may be employed by LOT and ASSN synapses C
during maturation and adult learning. t
Individual pyramidal cells in the olfactory cortex ap- g
wpear to receive overlapping inputs from different recep-
otors, allowing for a spatial olfactory code (Zou et al.,
2001). We speculate that there are two types of LOT
y
synapses that arise from individual mitral cell axons in a
the developing cortex. One type contains both AMPA r
and NMDARs and is responsible for the transmission
4of sensory information into the olfactory cortex. Axonsrom the same mitral cells may also give rise to NMDAR-
nly synapses onto the same pyramidal cells. NMDAR-
nly synapses at LOT inputs would be ideal for generat-
ng synaptic plasticity that contributes to maternal
mprinting.
Neonatal rats must learn their mother’s odor to sur-
ive, and during early development strong maternal at-
achments are imprinted via the olfactory system. Fur-
hermore, a variety of studies indicate that memories of
arly olfactory experience persist throughout adult-
ood (Leon, 1992). Maturation of the locus coeruleus
nd amygdala are thought to underlie closure of the
ensitive period for maternal imprinting (Sullivan, 2003).
lasticity at LOT synapses might contribute to the per-
istence of early olfactory memories. Indeed, a recent
tudy found that pyramidal cells in the anterior piriform
ortex participate in neonatal olfactory preference learn-
ng (Roth and Sullivan, 2005).
We suggest a scenario in which repeated exposure
o maternal odors would lead to strong activation of a
nique subset of mitral cells and their inputs to olfac-
ory cortex. During early development, NMDAR-depen-
ent LTP would convert silent synapses from these
nputs to functional ones via AMPAR insertion. This po-
entiation would thus selectively increase the strength of
relatively restricted set of cortical sensory inputs acti-
ated by early experience. Furthermore, the activity-
ependent downregulation of synaptic NMDARs would
mpart greater salience to early olfactory experiences
y decreasing the capacity for long-term enhancement
f inputs activated by odors later in development.
xperimental Procedures
xperiments followed approved national and institutional guide-
ines for animal use. Rats (Sprague-Dawley, P7–P53) were anesthe-
ized with pentobarbital (400 mg/kg) and decapitated. Parasagittal
ortical slices (350 m) were cut using a vibrating slicer (Vibratome)
n ice-cold artificial CSF (aCSF) containing 83 mM NaCl, 2.5 mM
Cl, 0.5 mM CaCl2, 3.3 mM MgSO4, 1 mM NaH2PO4, 26.2 mM
aHCO3, 22 mM glucose, and 72 mM sucrose equilibrated with
5% O2 and 5% CO2. Slices were maintained at room temperature
ntil they were transferred to a microscope equipped with DIC op-
ics (BX50; Olympus, Tokyo, Japan). All experiments were con-
ucted at 30°C–32°C.
For patch-clamp recordings, slices were superfused with aCSF
ontaining 119 mM NaCl, 5 mM KCl, 4 mM CaCl2, 4 mM MgSO4,
mM NaH2PO4, 26.2 mM NaHCO3, 22 mM glucose, and 0.1 mM
icrotoxin, equilibrated with 95% O2 and 5% CO2. For fEPSP ex-
eriments, aCSF was identical except for 2.5 mM KCl, 2.5 mM
aCl2, and 1.3 mM MgSO4. Baclofen (50 M) was added to the
CSF when isolated LOT inputs were examined. Patch electrodes
3–5 MΩ) contained 130 mM D-Gluconic acid, 130 mM CsOH, 5 mM
M NaCl, 10 mM HEPES, 12 mM phosphocreatine, 3 mM MgATP,
.2 mM NaGTP, and 10 mM EGTA. Series resistance, which was
20 MΩ, was compensated at 80%–95%. Responses were re-
orded with a Multiclamp 700A amplifier (Axon Instruments, Foster
ity, CA), filtered at 2 kHz and digitized at 10 kHz. (ITC-18; Instru-
ech, Mineola, NY). Data were collected and analyzed using Axo-
raph (Axon Instruments) and IGOR Pro (Wavemetrics, Lake Os-
ego, OR). Unless stated otherwise, traces represent the average
f five to ten sequential trials.
Developmental changes in AMPAR/NMDAR ratio were fit using
(t) = ABase + AMax/[1 + exp −((t − THalf)/(TRate))], where y(t) is the ratio
fter t weeks, ABase and AMax are the initial and maximal increase in
atio, respectively, THalf is the half-time, and TRate is the rate.
For experiments in which asynchronous release was examined,
mM Sr2+ was substituted for 4 mM Ca2+. Quantal events were
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113detected and captured within a 200 ms window beginning 200 ms
after LOT stimulation using a sliding template algorithm. To test for
silent synapses, we waited >10 min after rupture of the cell mem-
brane. This period of washout, along with high intracellular Ca2+
buffer, prevented induction of LTP. Typically,w100 stimuli were pre-
sented at 0.2–0.5 Hz at both −80 and +40 mV. Reponses and fail-
ures were sorted by eye. To ensure stability, ensemble averages of
the first and second halves of each stimulus epoch were divided
by the average amplitude of successful responses during the cor-
responding trials, yielding success rate. Cells in which there was a
>10%–20% difference in success rates (7/59) were excluded. There
was no change in the success rates recorded in the presence of
APV at LOT (0.51 ± 0.083 [−80 mV] versus 0.47 ± 0.14 [+40 mV]; n =
5) and ASSN synapses (0.50 ± 0.056 [−80 mV] versus 0.52 ± 0.64
[+40 mV]; n = 5) confirming that differences in success rate were
mediated by NMDAR-only synapses.
To examine the effect of glutamate uptake blockade on re-
sponses to exogenously applied glutamate, a UV flashlamp (T.I.LL.
Photonics, Gräfelfing, Germany) was used to photolyze caged glu-
tamate (50 M, Sigma). The UV pulse was focused through a 60×
objective onto an w350 m diameter region centered in layer Ia.
For fEPSPs, a recording electrode was placed halfway between
the border of the LOT and layer Ib. I/O relationships were measured
by isolating AMPAR- and NMDAR-mediated synaptic transmission
by recording in the presence of D-APV (100 M) or low Mg2+ (100
M) and NBQX (5 M), respectively.
For LTP experiments, fEPSPs were evoked (0.067 Hz) using a
stimulus strength that yielded responses that were 1/3 of maximal.
LTP was induced by theta-burst stimulation (TBS, 5 bursts at 5 Hz,
burst = 5 pulses at 100 Hz), and the stimulus was set to yield a
response that was 2/3 of maximal. “Weak” and “strong” tetani con-
sisted of 4 or 12 TBS trains every 30 s. Four fEPSPs were averaged
for each time point. The magnitude of LTP was determined 25–30
min after induction.
Naris occlusion was performed on neonatal rats (P1–P3) anes-
thetized by hypothermia. One nares was cauterized, covered with
antibiotic (Fougera), and the pups returned to their dam. Some rats
were maintained in an odor-enriched environment by placing a tea
ball into their cages containing odors (sage oil). However, we did
not observe differences between control animals and those ex-
posed to odors, and results were pooled. For deprivation in older
animals, rats (P28) were anesthetized with ketamine/xylazine (100:6
mg/kg) and occluded by cauterization or insertion of a nasal plug
(Cummings and Brunjes, 1997) into one nostril. Naris closure was
always confirmed prior to slice preparation. Brain slices from the
deprived and control hemispheres were separated and relabeled
so as to be blind to the experimenter.
Summary data are presented as mean ± SEM. Statistical signifi-
cance was determined at p % 0.05.
Acknowledgments
We thank Gabe Murphy and Massimo Scanziani for helpful discus-
sions. This work was supported by NIDCD R01 DC04682, a
McKnight Scholar award, and a Klingenstein Fellowship.
Received: January 19, 2004
Revised: April 21, 2004
Accepted: May 17, 2005
Published: July 6, 2005
References
Arnth-Jensen, N., Jabaudon, D., and Scanziani, M. (2002). Cooper-
ation between independent hippocampal synapses is controlled by
glutamate uptake. Nat. Neurosci. 5, 325–331.
Barth, A.L., and Malenka, R.C. (2001). NMDAR EPSC kinetics do
not regulate the critical period for LTP at thalamocortical synapses.
Nat. Neurosci. 4, 235–236.
Best, A.R., and Wilson, D.A. (2003). A postnatal sensitive period for
plasticity of cortical afferents but not cortical association fibers in
rat piriform cortex. Brain Res. 961, 81–87.Blakemore, C., and Cooper, G.F. (1970). Development of the brain
depends on the visual environment. Nature 228, 477–478.
Brunet, L.J., Gold, G.H., and Ngai, J. (1996). General anosmia
caused by a targeted disruption of the mouse olfactory cyclic nu-
cleotide-gated cation channel. Neuron 17, 681–693.
Buonomano, D.V., and Merzenich, M.M. (1998). Cortical plasticity:
from synapses to maps. Annu. Rev. Neurosci. 21, 149–196.
Crair, M.C., and Malenka, R.C. (1995). A critical period for long-term
potentiation at thalamocortical synapses. Nature 375, 325–328.
Cummings, D.M., and Brunjes, P.C. (1997). The effects of variable
periods of functional deprivation on the olfactory bulb development
in rats. Exp. Neurol. 148, 360–366.
Diamond, J.S. (2001). Neuronal glutamate transporters limit activa-
tion of NMDA receptors by neurotransmitter spillover on CA1 py-
ramidal cells. J. Neurosci. 21, 8328–8338.
Diamond, J.S. (2005). Deriving the glutamate clearance time course
from transporter currents in CA1 hippocampal astrocytes: trans-
mitter uptake gets faster during development. J. Neurosci. 25,
2906–2916.
Durand, G.M., Kovalchuk, Y., and Konnerth, A. (1996). Long-term
potentiation and functional synapse induction in developing hippo-
campus. Nature 381, 71–75.
Erisir, A., and Harris, J.L. (2003). Decline of the critical period of
visual plasticity is concurrent with the reduction of NR2B subunit of
the synaptic NMDA receptor in layer 4. J. Neurosci. 23, 5208–5218.
Feldman, D.E., Nicoll, R.A., Malenka, R.C., and Isaac, J.T. (1998).
Long-term depression at thalamocortical synapses in developing
rat somatosensory cortex. Neuron 21, 347–357.
Fiske, B.K., and Brunjes, P.C. (2001). Cell death in the developing
and sensory-deprived rat olfactory bulb. J. Comp. Neurol. 431,
311–319.
Groc, L., Gustafsson, B., and Hanse, E. (2002). Spontaneous unitary
synaptic activity in CA1 pyramidal neurons during early postnatal
development: constant contribution of AMPA and NMDA receptors.
J. Neurosci. 22, 5552–5562.
Haberly, L.B. (1998). Olfactory cortex. In The Synaptic Organization
of the Brain, G.M. Shepherd, ed. (New York: Oxford University
Press), pp. 377–416.
Haberly, L.B., and Bower, J.M. (1989). Olfactory cortex: model cir-
cuit for study of associative memory? Trends Neurosci. 12, 258–
264.
Hensch, T.K. (2004). Critical period regulation. Annu. Rev. Neurosci.
27, 549–579.
Hsia, A.Y., Malenka, R.C., and Nicoll, R.A. (1998). Development of
excitatory circuitry in the hippocampus. J. Neurophysiol. 79,
2013–2024.
Isaac, J.T., Crair, M.C., Nicoll, R.A., and Malenka, R.C. (1997). Silent
synapses during development of thalamocortical inputs. Neuron
18, 269–280.
Jung, M.W., Larson, J., and Lynch, G. (1990). Long-term potentia-
tion of monosynaptic EPSPs in rat piriform cortex in vitro. Synapse
6, 279–283.
Kanter, E.D., and Haberly, L.B. (1990). NMDA-dependent induction
of long-term potentiation in afferent and association fiber systems
of piriform cortex in vitro. Brain Res. 525, 175–179.
Kanter, E.D., and Haberly, L.B. (1993). Associative long-term poten-
tiation in piriform cortex slices requires GABAA blockade. J. Neu-
rosci. 13, 2477–2482.
Katz, L.C., and Shatz, C.J. (1996). Synaptic activity and the con-
struction of cortical circuits. Science 274, 1133–1138.
Kirkwood, A., Lee, H.K., and Bear, M.F. (1995). Co-regulation of
long-term potentiation and experience-dependent synaptic plastic-
ity in visual cortex by age and experience. Nature 375, 328–331.
Kullmann, D.M., and Asztely, F. (1998). Extrasynaptic glutamate
spillover in the hippocampus: evidence and implications. Trends
Neurosci. 21, 8–14.
Leon, M. (1992). The neurobiology of filial learning. Annu. Rev.
Psychol. 43, 377–398.
Neuron
114Liao, D., Hessler, N.A., and Malinow, R. (1995). Activation of post- T
Zsynaptically silent synapses during pairing-induced LTP in CA1 re-
gion of hippocampal slice. Nature 375, 400–404. l
WLu, H.C., Gonzalez, E., and Crair, M.C. (2001). Barrel cortex critical
period plasticity is independent of changes in NMDA receptor sub- c
1unit composition. Neuron 32, 619–634.
Malenka, R.C., and Bear, M.F. (2004). LTP and LTD: an embarrass- W
mment of riches. Neuron 44, 5–21.
Malinow, R., and Malenka, R.C. (2002). AMPA receptor trafficking W
mand synaptic plasticity. Annu. Rev. Neurosci. 25, 103–126.
RMeisami, E. (1976). Effects of olfactory deprivation on postnatal
growth of the rat olfactory bulb utilizing a new method for pro- W
cduction of neonatal anosmia. Brain Res. 107, 437–444.
JMierau, S.B., Meredith, R.M., Upton, A.L., and Paulsen, O. (2004).
Dissociation of experience-dependent and -independent changes W
gin excitatory synaptic transmission during development of barrel
cortex. Proc. Natl. Acad. Sci. USA 101, 15518–15523. X
aMower, G.D., and Chen, L. (2003). Laminar distribution of NMDA
receptor subunit (NR1, NR2A, NR2B) expression during the critical N
period in cat visual cortex. Brain Res. Mol. Brain Res. 119, 19–27. X
aNimchinsky, E.A., Yasuda, R., Oertner, T.G., and Svoboda, K. (2004).
The number of glutamate receptors opened by synaptic stimulation 4
in single hippocampal spines. J. Neurosci. 24, 2054–2064. Y
sPatil, M.M., Linster, C., Lubenov, E., and Hasselmo, M.E. (1998).
Cholinergic agonist carbachol enables associative long-term po- a
6tentiation in piriform cortex slices. J. Neurophysiol. 80, 2467–2474.
Philpot, B.D., Foster, T.C., and Brunjes, P.C. (1997). Mitral/tufted Z
scell activity is attenuated and becomes uncoupled from respiration
following naris closure. J. Neurobiol. 33, 374–386. t
ZPhilpot, B.D., Sekhar, A.K., Shouval, H.Z., and Bear, M.F. (2001).
Visual experience and deprivation bidirectionally modify the com- c
rposition and function of NMDA receptors in visual cortex. Neuron
29, 157–169. Z
nPhilpot, B.D., Espinosa, J.S., and Bear, M.F. (2003). Evidence for
altered NMDA receptor function as a basis for metaplasticity in vi- c
sual cortex. J. Neurosci. 23, 5583–5588. Z
LQuinlan, E.M., Olstein, D.H., and Bear, M.F. (1999a). Bidirectional,
experience-dependent regulation of N-methyl-D-aspartate recep- t
tor subunit composition in the rat visual cortex during postnatal
development. Proc. Natl. Acad. Sci. USA 96, 12876–12880.
Quinlan, E.M., Philpot, B.D., Huganir, R.L., and Bear, M.F. (1999b).
Rapid, experience-dependent expression of synaptic NMDA recep-
tors in visual cortex in vivo. Nat. Neurosci. 2, 352–357.
Quinlan, E.M., Lebel, D., Brosh, I., and Barkai, E. (2004). A molecu-
lar mechanism for stabilization of learning-induced synaptic modifi-
cations. Neuron 41, 185–192.
Roth, T.L., and Sullivan, R.M. (2005). Memory of early maltreatment:
Neonatal behavioral and neural correlates of maternal maltreat-
ment within the context of classical conditioning. Biol. Psychiatry
57, 823–831.
Rumpel, S., Hatt, H., and Gottmann, K. (1998). Silent synapses in
the developing rat visual cortex: evidence for postsynaptic expres-
sion of synaptic plasticity. J. Neurosci. 18, 8863–8874.
Rumpel, S., Kattenstroth, G., and Gottmann, K. (2004). Silent syn-
apses in the immature visual cortex: layer-specific developmental
regulation. J. Neurophysiol. 91, 1097–1101.
Saura, C.A., Choi, S.Y., Beglopoulos, V., Malkani, S., Zhang, D.,
Shankaranarayana Rao, B.S., Chattarji, S., Kelleher, R.J., 3rd, Kan-
del, E.R., Duff, K., et al. (2004). Loss of presenilin function causes
impairments of memory and synaptic plasticity followed by age-
dependent neurodegeneration. Neuron 42, 23–36.
Sullivan, R.M. (2003). Developing a sense of safety: the neurobiol-
ogy of neonatal attachment. Ann. N Y Acad. Sci. 1008, 122–131.
Takahashi, T., Svoboda, K., and Malinow, R. (2003). Experience
strengthening transmission by driving AMPA receptors into syn-
apses. Science 299, 1585–1588.
Tang, A.C., and Hasselmo, M.E. (1994). Selective suppression of
intrinsic but not afferent fiber synaptic transmission by baclofen in
the piriform (olfactory) cortex. Brain Res. 659, 75–81.ang, Y.P., Shimizu, E., Dube, G.R., Rampon, C., Kerchner, G.A.,
huo, M., Liu, G., and Tsien, J.Z. (1999). Genetic enhancement of
earning and memory in mice. Nature 401, 63–69.
iesel, T.N., and Hubel, D.H. (1963). Single-cell responses in striate
ortex of kittens deprived of vision in one eye. J. Neurophysiol. 26,
003–1017.
ilson, D.A., and Stevenson, R.J. (2003). The fundamental role of
emory in olfactory perception. Trends Neurosci. 26, 243–247.
ilson, D.A., Best, A.R., and Brunjes, P.C. (2000). Trans-neuronal
odification of anterior piriform cortical circuitry in the rat. Brain
es. 853, 317–322.
oolsey, T.A., and Wann, J.R. (1976). Areal changes in mouse corti-
al barrels following vibrissal damage at different postnatal ages.
. Comp. Neurol. 170, 53–66.
u, G., Malinow, R., and Cline, H.T. (1996). Maturation of a central
lutamatergic synapse. Science 274, 972–976.
iao, M.Y., Wasling, P., Hanse, E., and Gustafsson, B. (2004). Cre-
tion of AMPA-silent synapses in the neonatal hippocampus. Nat.
eurosci. 7, 236–243.
u-Friedman, M.A., and Regehr, W.G. (2000). Probing fundamental
spects of synaptic transmission with strontium. J. Neurosci. 20,
414–4422.
oshimura, Y., Ohmura, T., and Komatsu, Y. (2003). Two forms of
ynaptic plasticity with distinct dependence on age, experience,
nd NMDA receptor subtype in rat visual cortex. J. Neurosci. 23,
557–6566.
hang, L.I., Bao, S., and Merzenich, M.M. (2001). Persistent and
pecific influences of early acoustic environments on primary audi-
ory cortex. Nat. Neurosci. 4, 1123–1130.
hu, J.J., and Malinow, R. (2002). Acute versus chronic NMDA re-
eptor blockade and synaptic AMPA receptor delivery. Nat. Neu-
osci. 5, 513–514.
hu, J.J., Esteban, J.A., Hayashi, Y., and Malinow, R. (2000). Post-
atal synaptic potentiation: delivery of GluR4-containing AMPA re-
eptors by spontaneous activity. Nat. Neurosci. 3, 1098–1106.
ou, Z., Horowitz, L.F., Montmayeur, J.P., Snapper, S., and Buck,
.B. (2001). Genetic tracing reveals a stereotyped sensory map in
he olfactory cortex. Nature 414, 173–179.
